Introduction {#sec1}
============

The viscoelastic properties of the cornea were first described by Freidenwald in 1937.[@bib1]

However, in vivo measurement of corneal biomechanical properties was only possible in 2005 by the Ocular Response Analyzer (ORA) (Reichert Inc., Depew, New York).[@bib2]

The instrument measures corneal hysteresis (CH) and corneal resistance factor (CRF) as the markers of corneal viscoelastic properties. Technically, CH is the difference between inward and outward applanation pressures created by an air puff and is an indicator of viscous properties of the cornea. However, CRF is a measurement of corneal resistance to deformation and indicates elastic properties of the cornea. Corneal properties other than central corneal thickness (CCT) have several implications especially in glaucoma[@bib3] and corneal refractive surgery.[@bib4]

Corneal viscoelastic properties depend on the structure and organization of collagen fibrils and extracellular matrix (ECM). Collagen fibers are responsible for strength and elasticity of the cornea while the ECM is responsible for the viscous properties. Thus, changes in collagen fibers affect CRF and changes in ECM affect CH. Structural changes with age include an increase in collagen fiber diameter as a result of an increase in number of collagen molecules and expansion of intermolecular space.[@bib5] Ex vivo measurements of corneal biomechanical properties have shown progressive stiffening of the cornea with age.[@bib6], [@bib7], [@bib8], [@bib9]

However, the results of in vivo measurements of corneal biomechanics are inconclusive.[@bib10] Some studies have shown no change by age,[@bib11], [@bib12], [@bib13], [@bib14] while some report a decrease in CH and CRF.[@bib15], [@bib16], [@bib17], [@bib18], [@bib19]

This study was conducted to evaluate the corneal viscoelastic properties in different age groups.

Methods {#sec2}
=======

This cross-sectional study was performed at the Department of Ophthalmology, Ahvaz Jundishapur University of Medical Sciences, Ahvaz, Iran. The study protocol was approved by the local ethics committee and adhered to the tenets of Declaration of Helsinki. Informed consent was obtained from all patients.

In this observational cross-sectional study, 302 healthy individuals aged 10--69 years were evaluated. Exclusion criteria included any history of ocular or systemic diseases including diabetes, hypertension, hyperlipidemia, glaucoma, ocular surgery, keratoconus, ocular or systemic medications including corticosteroids, corneal astigmatism \>2 D, severe dry eye, pregnancy, and contact lens use within 1 month of the study. After a complete ocular examination, corneal viscoelastic properties were measured using ORA and CCT measured using an ultrasonic pachymeter (Pachymeter SP 3000, Tomey, Nagoya, Japan). In case of ocular disease, the sound eye and otherwise the right eye was chosen for the study. Individuals were put into 6 groups: Group 1 (10--19 years), Group 2 (20--29 years), Group 3 (30--39 years), Group 4 (40--49 years), Group 5 (50--59 years), and Group 6 (60--69 years). Our main outcome measure was corneal viscoelastic properties at different age groups. Second outcome measure was the effects of sex and refractive errors on corneal biomechanics.

ORA is an air puff tonometer that measures the corneal response to a steady air pulse. It makes two applanation measurements: a force-in applanation which has been attributed to the dampening effects of the cornea and a force-out applanation that occurs at a lower pressure than the first. The difference between the two pressures is CH and indicates viscous properties of the cornea, while CRF shows the elastic properties of the cornea. Therefore, these parameters may affect intraocular pressure (IOP) measurements more than CCT alone. The instrument also reports Goldman-correlated IOP (IOPg) and its corneal-compensated counterpart (IOPcc).

ORA parameters including CH, CRF, IOPg, and IOPcc, as well as CCT, and spherical equivalent refractive error were considered for analysis. Refractive errors of −1 to 1 D were considered as emmetropia.

Statistical analysis {#sec2.1}
--------------------

To obtain a power of 0.8 and α = 0.05, sample size of 36 cases was calculated for each age decade.

Statistical analyses were performed using SPSS software v.20 (SPSS Inc. Chicago, IL). Pearson correlation coefficient and partial correlation were used in analyses. In addition, to compare data, we used one way analysis of variance (ANOVA). Two-by-two comparisons were done using Tukey test. *P* values \<0.05 were considered significant.

Results {#sec3}
=======

Overall, 302 healthy individuals were enrolled in the study. [Table 1](#tbl1){ref-type="table"} shows demographic data and participants\' characteristics.

CH and CRF were significantly different among the age groups (*P* \< 0.001, ANOVA). Group 1 (10--19 years old) showed significantly higher CH and CRF compared to all other age groups (*P* \< 0.001) while other groups were not significantly different from each other (All *P* values \>0.05, Tukey test) ([Table 1](#tbl1){ref-type="table"}, [Fig. 1](#fig1){ref-type="fig"}). CH and CRF were highly correlated (*P* \< 0.001, r = 0.821).

Age showed a significant negative correlation with CH (*P* \< 0.001, r = −0.353) and CRF (*P* \< 0.001, r = −0.326). Female gender had significantly higher CH (11.35 vs 10.85, *P* = 0.017) and CRF (10.9 vs 10.4, *P* = 0.019, independent t-test).

After adjustment for gender, CCT, IOP, and refractive error, age remained significantly correlated with CH and CRF (*P* \< 0.001 for both, r = −0.398 and r = −0.372, respectively).

CCT showed a biphasic pattern in which Groups 1, 5, and 6 had significantly higher CCTs compared to other groups ([Table 1](#tbl1){ref-type="table"}, [Fig. 2](#fig2){ref-type="fig"}). CH and CRF showed significant positive correlation with CCT (*P* \< 0.001 for both, r = 0.21 and r = 0.26, respectively).

IOPcc was significantly higher in Group 4 compared to Group 1 (*P* = 0.045). IOPg was significantly higher in Group 1 (compared to Groups 2 and 3, *P* = 0.007) and Group 4 (compared to Group 3, *P* = 0.007). IOPg and IOPcc were significantly correlated (*P* \< 0.001, r = 0.845) and were not significantly different (*P* = 0.148). IOPg (but not IOPcc) was significantly correlated with CCT (*P* = 0.001, r = 0.193) and CRF (*P* \< 0.001, r = 0.598), while IOPcc was negatively correlated with CH (*P* \< 0.001, r = −0.474).

The groups were not significantly different in terms of refractive error. (*P* = 0.055, ANOVA) CH and CRF showed a significant positive correlation with refractive error (*P* = 0.001, r = 0.187 and *P* = 0.007, r = 0.157, respectively, [Fig. 3](#fig3){ref-type="fig"}). CH and CRF were significantly higher in hyperopes compared to emmetropes and myopes ([Table 2](#tbl2){ref-type="table"}).

Discussion {#sec4}
==========

This study showed a significant decrease in corneal response parameters CH and CRF measured with the ORA with age.

Corneal properties including thickness, hydration, elasticity, viscosity, and possibly other unrevealed factors can affect corneal behavior during IOP measurements[@bib3] and after refractive surgery.[@bib4] Corneal viscoelastic properties are provided by collagen fibers, and glycosaminoglycans and proteoglycans forming the ground substance. Abnormal corneal viscoelastic properties are seen in keratoconus and post laser keratectasia.[@bib2], [@bib15]

Aging induces structural changes in the cornea including an increase in collagen fiber diameter as a result of an increase in the number of collagen molecules in collagen fibrils and expansion of intermolecular space due to glycation-induced cross-linking.[@bib5] Ex vivo studies have shown significant stiffening of the human cornea with age.[@bib6], [@bib7], [@bib8], [@bib9] This has been attributed to non-enzymatic cross-linking of the stromal collagen fibrils.[@bib7] However, the relationship between corneal stiffening and age is not linear,[@bib6], [@bib7] and the stiffness increases by a factor of approximately two between the ages of 20 and 100 years.[@bib8]

Indirect clinical evidence also suggests that the cornea stiffens with age. For example, keratoconus is a disease of youth, the incidence of which decreases with age.[@bib20] Additionally, youth is a risk factor for both post laser keratectasia[@bib21] and keratoconus progression.[@bib22], [@bib23]

Based on the above-mentioned evidence, an increase in corneal stiffening with in vivo measurements is expected as well.

In vivo measurement of corneal biomechanics has been possible since 2005 with ORA, and for years it was the only commercially available instrument. ORA has shown lower CH and CRF in keratoconus and Fuchs endothelial dystrophy as expected.[@bib2], [@bib15] However, the results of studies on age-related changes in corneal biomechanics are not consistent. Some studies on children have shown no correlation between age and CH[@bib11], [@bib12] or CRF[@bib11] with similar or slightly higher CH and CRF values in children compared to adult studies. On the other hand, several studies have reported a decrease in CH and CRF with age.[@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib24]

Ortiz et al in a study on 165 normal eyes showed significantly lower CH in the age group 60--80 years compared to age group 9--14 years.[@bib15] Kotecha et al reported an IOP-independent biomechanical property of the cornea (corneal constant factor; CCF) that increased with thicker CCT and decreased with greater age.[@bib16] Their study group consisted of 105 ocular hypertensives and normal individuals with a mean age of 60 years. Some of these studies suffer from a small sample size, limited age range, and mixed study population.[@bib10] In another study on 204 normal eyes with a mean age of 46.7 years (range: 19--89 years), a significant decrease in CH and CRF was observed with age in the absence of significant changes in CCT or IOP.[@bib18] Our study showed a decrease in CH and CRF with age as well. We observed significantly higher CH and CRF in the younger age group and a significant negative correlation with age. The measured values were similar to those reported elsewhere.[@bib10], [@bib11], [@bib12]

Most studies evaluating the effect of CCT on corneal viscoelastic properties have reported a positive correlation between CCT and CH,[@bib10], [@bib11], [@bib13], [@bib14], [@bib16], [@bib19], [@bib24] or CRF.[@bib10], [@bib11], [@bib14], [@bib19], [@bib24]

In the present study, CCT showed a biphasic pattern with higher values in the young and elderly and had significant correlation with CH and CRF. In Group 1, higher CH and CRF are in agreement with higher CCT. However, considering structural changes in the elderly, lower CH and higher CCT can be explained by changes in ECM and corneal hydration by aging as the elderly have poorer corneal hydration control compared to the young.[@bib25]

Thus, while the increase in collagen cross-linking causes corneal stiffening, increased water content of the cornea causes a reduction in CH and CRF. Clinically, it is possible to postulate that low CH accompanied by low CCT is attributed to collagen weakness like keratoconus, while low CH with high CCT is more likely the result of ground substance changes such as hydration. Additionally, instruments have inherent limitations that may cause such contradictions.

Measuring corneal biomechanics by a new ultra-high-speed Scheimpflug camera (Oculus Corvis ST, Scheimpflug Technology; Wetzlar, Germany) has shown significant corneal stiffening by age manifested in an increase in highest concavity time (i.e. time from starting until highest concavity is reached).[@bib26]

Several studies have shown that a negative correlation exists between CH and IOP.[@bib10], [@bib11], [@bib13], [@bib19] In our study, we observed a significant negative correlation between IOPcc and CH, and a significant positive correlation between IOPg and CRF. Although we observed a significantly higher IOPcc in age Group 4 compared to Group 1, the difference does not seem to be clinically important. IOPcc was not significantly different from IOPg measurements. IOPg was significantly correlated with CCT while IOPcc was not. Therefore, IOPcc might be a better indicator of real IOP than IOPg.

It has been reported that CH is significantly lower in high myopes[@bib14], [@bib24], [@bib27] and higher in hyperopes compared to normal individuals.[@bib24] We observed significantly higher CH and CRF in hyperopes compared to myopes and emmetropes as well.

One limitation of our study is lack of data on axial length and keratometry. However, by excluding high astigmatism we tried to overcome this limitation. Additionally, axial length is correlated with refractive error which was included in the study.

Some strengths of our study are the large sample size and that we enrolled individuals with a wide range of age, without previous surgery, ocular pathology or systemic disease, and evaluated corneal viscoelastic changes in 6 decades.

In conclusion, corneal viscoelastic properties decrease with age and show a positive correlation with CCT. Age-related decrease in CH and CRF may be due to increased corneal hydration with age. Female gender and hyperopes have higher CH and CRF. IOPcc is not correlated to CCT and may be a better indicator of real IOP.
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![Corneal hysteresis (CH) changes with age. CH is significantly higher under age 20 and decreases over time. CI, Confidence interval.](gr1){#fig1}

![Central corneal thickness (CCT) shows a biphasic pattern with higher thicknesses before age 20 and after 50. CI, Confidence interval.](gr2){#fig2}

![Corneal hysteresis (CH) shows a significant correlation with refraction in spherical equivalent \[RFN (SE)\], (*P* = 0.001, r = 0.187).](gr3){#fig3}

###### 

Participants\' characteristics and corneal viscoelastic properties in healthy individuals.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Age group (year)                                         N    Age (year) (M ± SD)   Gender M (%)   CH (mmHg) (M ± SD) (Range)       CRF (mmHg) (Range)               CCT (μ) (Range)           IOPg (mmHg) (Range)      IOPcc (mmHg) (Range)
  -------------------------------------------------------- ---- --------------------- -------------- -------------------------------- -------------------------------- ------------------------- ------------------------ ------------------------
  10--19                                                   56   13.1 ± 3.1            28 (50)        12.51 ± 1.8 (7.6--16.2)          12.10 ± 1.9 (6.7--16.2)          559.5 ± 42.5 (420--633)   15.1 ± 3.5 (8.8--24.8)   13.4 ± 3.5 (6.6--20.7)

  20--29                                                   53   24.5 ± 2.8            23 (43.4)      10.96 ± 1.5 (6.6--15.6)          10.24 ± 1.9 (6.5--14.1)          535.2 ± 28.3 (435--588)   13.3 ± 3.5 (5.5--20.9)   13.5 ± 2.9 (5.8--19)

  30--39                                                   61   33.6 ± 2.8            26 (42.6)      10.98 ± 1.5 (6.5--13.9)          10.28 ± 1.7 (7.3--13.9)          541.4 ± 33.5 (450--616)   13.3 ± 3.2 (6.6--22.3)   13.5 ± 3 (7.3--22.2)

  40--49                                                   45   43.2 ± 2.4            25 (55.6)      10.74 ± 1.7 (7.5--13.8)          10.62 ± 1.8 (6.7--13.4)          544.9 ± 41.7 (409--616)   15.2 ± 3.8 (7.2--23.1)   15.4 ± 3.9 (8.7--24.5)

  50--59                                                   36   54.1 ± 2.6            13 (36.1)      10.90 ± 1.6 (7.7--14.5)          10.33 ± 1.9 (7--14.2)            568.1 ± 31.9 (497--650)   13.7 ± 3.5 (7.7--21.5)   13.9 ± 3.3 (7.2--22)

  60--69                                                   51   64 ± 2.9              29 (56.9)      10.32 ± 1.9 (6.2--14.1)          10.22 ± 1.8 (7.9--16.5)          568.2 ± 26.9 (489--603)   14.8 ± 4 (6.7--25.5)     15.1 ± 4.4 (6.1--25.9)

  *P*[a](#tbl1fna){ref-type="table-fn"}                                                              \<0.001                          \<0.001                          \<0.001                   0.008                    0.007

  Multiple comparisons[b](#tbl1fnb){ref-type="table-fn"}                                             Group 1 & other groups \<0.001   Group 1 & other groups \<0.001   Groups 1&2\               Groups 1&2,3 (0.007)\    Groups 1&4\
                                                                                                                                                                       5&2,3,4\                  3&4 (0.007)              0.045
                                                                                                                                                                       6&2,3,4\                                           
                                                                                                                                                                       \<0.05                                             
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

M, male; CH, corneal hysteresis; CRF, corneal resistance factor; CCT, central corneal thickness; IOPg, Goldman-correlated intraocular pressure; IOPcc, corneal-compensated IOP.

Based on ANOVA.

Based on Tukey test.

###### 

Corneal biomechanics and refractive state of the eye in healthy individuals.

  --------------------------------------------------------------------------------------------------------------------------------------------------
  Refractive error                             N     Spherical equivalent M ± SD (D) (Range)   CH (mmHg) (Range)          CRF (mmHg) (Range)
  -------------------------------------------- ----- ----------------------------------------- -------------------------- --------------------------
  Myopia (1)                                   42    −3 ± 2.5 (\<−1 to −8)                     10.49 ± 1.74 (6.6--13.7)   10.16 ± 1.87 (6.5--13.9)

  Emmetropia (2)                               215   0.001 ± 0.6 (−1 to 1)                     11.06 ± 1.73 (6.2--16.2)   10.58 ± 1.89 (6.7--16.2)

  Hyperopia (3)                                45    2.5 ± 1.6 (\>1 to 8)                      11.92 ± 1.94 (7.7--15.6)   11.55 ± 2.05 (7.4--16.5)

  *P*[a](#tbl2fna){ref-type="table-fn"} 3&2\                                                   0.009\                     0.006\
  3&1                                                                                          0.001                      0.002
  --------------------------------------------------------------------------------------------------------------------------------------------------

CH, corneal hysteresis; CRF, corneal resistance factor; D, Diopter.

Based on Tukey test.
